We perform density functional theory calculations to investigate the polaron pair (charge transfer state) photo-generation in donor-acceptor oligomer methyl-capped (4,7-benzo[2,1,3]
I. INTRODUCTION
Charge separation upon photo-excitation in organic semiconductors has attracted much interest due to its broad application prospects in photovoltaic cells [1] [2] [3] .
Although the charge separation ordinarily happens in the heterojunction interface where the energy offset between the lowest unoccupied molecular orbital (LUMO) of donor (D) and that of acceptor (A) (or between the highest occupied molecular orbital (HOMO) of donor and that of acceptor) acts as the driving force [4] [5] [6] , free charge carriers can be generated upon photo-excitation in small well-ordered conjugated molecule crystals [7] . Recently, Tautz et al. found that upon higher energy photo-excitation pronounced polaron pairs [8] can be detected in D-A type poly(4,7-benzo [2, 1, 3] thiadiazole-2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta [1,2-b;3,4-b ′ ]dithiophene-4,7-benzo [2, 1, 3] thiadiazole) (PCPDTBT) and the oligomer CPDTBT (as shown in FIG. 1) [9] .
It was found that long-wavelength excitation (530 nm) cannot generate polaron pairs while shortwavelength excitation (370 nm) can generate in oligomer CPDTBT, indicating that the excess energy plays a key role [9] . TDDFT simulations, however, showed that there was significant spatial overlap between hole and electron wave functions for both lower † These authors contributed equally to this work.
* Author to whom correspondence should be addressed. E-mail: yccaoh@hotmail.com FIG. 1 Potential energy curve of CPDTBT dimer at equilibrium with respect to the distance between two monomers. and higher energy excitations [9] . Thus, one hypothesis is that there is certain intermediate excited state that has charge transfer character after the initial higher energy excitation. It was also found that polaron pairs had longer life-time in oligomer CPDTBT than in polymer PCPDTBT. The above mentions seem to point toward the intermolecular process in generating polaron pairs in oligomer CPDTBT. Apart from the proposed intramolecular charge separation picture [9] , the intermolecular charge transfer is thus also of important significance in understanding the generation of polaron pairs in oligomer CPDTBT. It is well known that the conformational change can introduce the substantial variation in the elec-tronic structure of conjugated oligomer.
If such conformational change happens in one monomer of CPDTBT while the nearest neighbor monomer remains unchanged, then it will constitute a dimer that has the character of heterojunction, with one CPDTBT monomer as a donor and another one as an acceptor. To verify this hypothesis, we perform the density functional calculations on the CPDTBT dimer with a little conformational change in one monomer, namely, rotating one BT [10] group ( see FIG. 2 ) in CPTBT monomer against the conjugation plane with a small angle. The density functional theory (DFT) method is one of the most taken approaches in calculating the charge transfer state in organic semiconductors [11, 12] .
In this work, we employ the conventional DFT method in which a ground state occupied orbital is substituted with a ground state unoccupied orbital to simulate the excited state (after self consistent process) of CPDTBT dimmers [13] . We first give the validation of DFT method on the first peak of photo-absorption and photoluminescence spectra of CPDTBT monomer. 
II. COMPUTATIONAL DETAILS
The geometry of CPDTBT in ground state is at first optimized by means of hybrid density functional B3LYP with basis set of 6-31G * . We scan the potential energy curve of CPDTBT dimer (two monomers are placed on the same plane) with respect to the separation distance between two monomers. Then at the equilibrium conformation we rotate the right acceptor group BT in the upper monomer (lower monomer fixed) to construct the CPDTBT dimer that has the character of heterojunction. The key point in our DFT calculations on the excited states is to directly excite one electron from occupied orbital to the unoccupied orbital by exchanging the corresponding two orbitals, and then make the self consistent calculation [13] . It is a single configuration method, in contrast to the TDDFT method that involves multiconfigurations. Orbitals in TDDFT configurations are the same as those in the ground state configuration, but they have been changed in the consistent single configuration method. The single configuration method is thus convenient for the discussion in terms of electron and hole, since the electrostatic Columbic attraction between electron and hole is in fact taken account of during the self consistent process. When an occupied orbital is exchanged with an unoccupied orbital in the same monomer, the Frenkel exciton can be simulated, and when an occupied orbital in one monomer is exchanged with an unoccupied orbital in another monomer then the charge transfer exciton can be calculated. In this work, all calculations are performed using the Gaussian 09 package [14] .
III. RESULTS AND DISCUSSION

A. Validation of calculations on excited states
Based on optimized geometry of CPDTBT, we calculate the vertical excitation and get the excitation energy of first low lying excited state (HOMO→LUMO). The geometry of the first low lying excited state of CPDTBT is then optimized to estimate the first photoluminescence peak. As a test, our computational result of the first peak in photo-absorption (photoluminescence) spectrum of CPDTBT is 2.30 (1.89) eV, in good agreement with the experimental value of 2.34 (1.93) eV [9] .
B. Ground state geometry of model CPDTBT dimer
Since there is no experimental data of the crystal structure of oligomer CPDTBT at the present time, we use the simplest geometry of model CPDTBT dimer in this work. The two CPDTBT monomers are placed at the same plane. We scan the potential energy curve of CPDTBT dimer with respect to the separation distance between two monomers ( see FIG. 1 ). The equilibrium separation distance of 9.0Å is found. Then at the equilibrium conformation we rotate the right acceptor group BT in the upper monomer (lower monomer fixed), and the potential energy curve with respect to the rotational angle is shown in FIG. 2 • is about 0.25 eV.
C. Photo-excitation and charge transfer
To explain the possible intermolecular photogeneration of experimental polaron pair, we investigate the charge transfer state in the CPDTBT dimer junction, as shown in the inset of FIG. 2. Our findings indicate that the intermolecular charge transfer can happen in high probability, generating the separated polaron pair. With BT in one monomer (e.g. in the upper CPDTBT in FIG. 2) deviating against the conjugated plane, we find the charge transfer state in which electron is excited from the lower monomer to the upper one. Because the intermolecular charge transfer state can be generated in two paths, namely, the indirect path in which the intramolecular exciton dissociates at interface of CPDTBT dimer and the direct path in which it is generated directly upon photo-excitation from the ground state, both intramolecular exciton and intermolecular charge transfer state are discussed. Our calculations show that CPDTBT dimer has no intermolecular charge transfer states at the equilibrium conformation. All the tested intermolecular charge transfer excitations of electron in the occupied molecular orbital of one CPDTBT monomer to the unoccupied molecular orbital of another CPDTBT monomer collapse to the intramolecular excitonic states. The onset torsion angle of BT against the conjugated plane of CPDTBT for effective intermolecular charge transfer in CPDTBT dimer is about 20
• . Energy needed for this conformational change is only 0.01 eV, as shown in FIG. 2 , less than the thermal energy k B T (k B is the Boltzmann constant and T is the temperature) at room temperature.
The example of intramolecular exciton and intermolecular charge transfer states of this tortured CPDTBT dimer can be found in FIG. 3 . The electrostatic potential distributions of electron and hole of the third DA * type intramolecular exciton, S 3 , are shown in FIG. 3 (a) and (b) respectively. Although the S 3 excitonic state has higher excitation energy, the involved orbitals of electron and hole are still delocalized, as found previously with TDDFT method [9] . The electrostatic potential distributions of electron and hole of the first and the second intermolecular charge transfer states, CT 1 and CT 2 , are shown in FIG. 3 (c) and (d) respectively. The essential difference between intramolecular exciton and intermolecular charge transfer exciton is that the centers of electron and hole are at the same CPDTBT monomer in the former case and they are separated, locating on different CPDTBT monomers, in the latter case. The two lower lying charge transfer states CT 1 and CT 2 are of excitation energy of 2.94 and 3.24 eV, enough to be generated in the experimental higher energy photo-excitation (3.35 eV, 370 nm). The charge transfer states in CPDTBT dimer with different torsion angle of BT against the conjugated plane can be found in FIG. 4 . The same excitation with larger torsion has larger excitation energy, e.g., the HOMO→LUMO+2 excitation energies for torsion angle of 20
• , 40
• , and 90
• are 3.23, 3.27, and 3.87 eV respectively. This is because that electron in the tortured CPDTBT will be more localized at the side BT group that is deviated from the conjugated plane, resulting in the larger separation distance between the centre of electron and hole ( see FIG. 4 ).
Energy state diagram
In the next statement, the energy of the ground state of DA is set as the zero point of energy. The energy state diagram summarizing the photo-generation of electronhole pairs in CPDTBT dimer with the torsion angle of 20
• is shown in FIG. 5 . In general, each CPDTBT can act as the donor or acceptor. Here, we only show the case with the tortured CPDTBT as acceptor and the pristine CPDTBT as donor. Detailed information of orbital excitation in S n and in CT n can be seen in FIG. 6 to FIG. 8 . The experimental lower energy excitation (2.34 eV, 530 nm) [9] can thus only excite S 1 (excitation energy of which is about 1.74 eV), but cannot generate the charge transfer states either in the indirect path (S 0 →S n →CT n ) or in the direct path (S 0 →CT n ) [12, 15, 16] . In contrast, the experimental higher energy photo-excitation (3.35 eV, 370 nm) [9] is enough to excite the intermolecular electron-hole pair both indirectly and directly. The indirect photoexcitation path is through S 0 →S 3 (HOMO−7→LUMO) and then→lower lying CT 1 and CT 2 . Moreover, our computational results of charge transfer states provide the possibility to identify the transitions between states corresponding to the transient absorption spectra in pump-probe experiments [9] by investigating the energy difference between charge transfer states. [20] . For clear understanding, we give a brief description here: (i) Exciton generated somewhere first diffuses to the interface; (ii) Then the exciton dissociates into Coulombically bound charge transfer state; (iii) The charge transfer state can either become the separated state or (iv) collapse into the exciplex; (v) The exciplex can then go back to the exciton state or directly recombine to the ground state S 0 . It is interesting that there is no charge transfer state as the separation distances lower than the equilibrium distance of the ground state (9.0Å). Our calculations indicate that in this region the charge transfer states degenerate into the excitonic state S 1 of D * A.
IV. CONCLUSION
In general, we employ the DFT method to theoretically investigate the photo-generation of electron-hole pair in CPDTBT oligomers. We find that the de-
